I. Introduction
The development of new strategies to impart externally switchable behavior to gels will guide the design and application of the next-generation of stimuli-responsive soft materials. Light is a particularly convenient source of energy for altering and/ or switching gel properties, and there are now many examples of gels that degrade, bend, heal, etc. in response to light. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Furthermore, the use of light to initiate controlled polymerization has witnessed an explosion of interest in recent years; [17] [18] [19] [20] [21] [22] [23] [24] [25] there are now variants of many of the most wellknown controlled radical polymerization (CRP) reactions that employ light to switch chain propagation between "on" and "off" states. [26] [27] [28] In 2013, Johnson et al., 29 reported a strategy for altering the structure and composition of covalent polymer gels by direct, living extension of the network chains via photo-controlled radical polymerization ( photo-CRP). This process, which was called "photo-growth", was facilitated by the use of UV-lightresponsive trithiocarbonate (TTC) "iniferters" embedded within the gel network. The term "iniferter" was introduced by Otsu et al., 30 to define a compound that serves as an initiator, chain-transfer agent, and terminator (hence the name inifer-ter) in controlled free radical polymerizations. 30, 31 When the photo-responsive TTC iniferter is exposed to light, it dissociates into two fragments: a carbon-centered radical that can initiate polymerization and a TTC-based radical that can reversibly terminate growing chains. Hence, irradiation of the solvent-swollen gel in the presence of monomer led to transient chain cleavage and living photo-CRP; removal of the light restored the network structure via reversible radical deactivation. Thus, the molecular weight between junctions increased in response to light, which led to bulk network growth (increased swelling). The photo-growth strategy offers a unique way to externally tune both the mechanical and chemical properties of gels using light along with various monomers and cross-linkers. 16 Furthermore, recent advances in the use of TTCs for photo-CRP, in particular the development of photoredox catalyzed methods that allow polymerization under visible and even near infrared light, 28, [32] [33] [34] [35] could in principle be applied within the photo-growth paradigm to yield novel smart materials. Thus, we seek to gain a deeper understanding of the unique features of photo-growth within polymer gels.
Computer simulations can play a particularly useful role in enhancing our understanding of such polymerization reactions and gel formation, allowing us to characterize important features such as the distribution of reactive chain-ends, the evolution of the molecular weight distributions and the structure of the polymer matrix. We recently developed the first computational approach based on the dissipative particle dynamics (DPD) method to simulate the living copolymerization of monomer and cross-linker to form a polymer network. 36, 37 Our model captured the characteristic polymerization kinetics of atom transfer radical polymerization (ATRP) [38] [39] [40] [41] and reproduced features of gel formation that are consistent with prior experimental data. 36 We also developed a new DPD model to simulate free radical polymerization a (FRP), 42 taking into account different mechanisms of chain termination. The latter simulations allowed us to systematically examine the relative effects of the initiation, propagation, and termination reactions in the formation of polymer-clay nanocomposite gels, and hence, obtain greater insight into the polymerization process. Here, we adapt our recently developed DPD framework to develop the first simulation approach for modeling TTC-based photo-CRP within polymer networks. In particular, we start with a "primary gel" and illuminate the sample to activate the TTCs, which then interact with monomer and cross-linker in the solution. By varying the TTC concentration within the primary gel, we establish a route for forming a spatially intermixed, hybrid gel from chemically incompatible monomers. We also isolate parameters where phase-separated gels are formed from chemically compatible monomers. Hence, in the presence of light, variations in the TTC concentration provide a new approach for controllably tailoring the structure of polymer gels, and adapting these materials for a range of different functions.
II. Computational method
Dissipative particle dynamics (DPD) [43] [44] [45] provides a powerful computational approach for integrating both the reaction kinetics of polymerization processes and the dynamic behavior of the evolving complex fluid. 36, 37, 42 More generally, DPD can be viewed as a coarse-grained molecular dynamics (MD) approach. Namely, the beads in DPD represent molecules (or clusters of molecules) rather than atoms and these molecules interact through a soft-core potential rather than the hard-core LennardJones potential typically used in MD. Hence, DPD allows one to capture phenomena on longer time and length scales than can be accessed through conventional MD simulations. Similar to MD, DPD involves the numerical integration of Newton's equation of motion: mdv i /dt = f i . Each bead i experiences a force f i (t ) that is the sum of three pairwise additive forces
, where the sum runs over all beads j within a certain cutoff radius r c . The conservative force is a soft, repulsive force given by F C ij = a ij (1 − r ij )r ij , where a ij is the maximum repulsion between beads i and j, r ij = |r i − r j |/r c and r ij = r ij /|r ij |. The soft-core force permits a degree of overlap between neighboring beads and the use of larger time steps than those normally employed in MD.
The drag force is F D ij = −γω D (r ij )(r ij ·v ij )r ij , where γ is a simulation parameter related to the viscosity arising from the interactions between the beads ( polymer-polymer, polymersolvent, and solvent-solvent), ω D is a weight function that goes to zero at r c , and v ij = v i − v j . The random force is F R ij = σω R (r ij )ξ ij r ij , where ξ ij is a zero-mean Gaussian random variable of unit variance and σ 2 = 2γk B T. The value of γ is chosen to ensure relatively rapid equilibration of the temperature in the system and the numerical stability of the simulations for the specified time-step. 44 Here, k B is the Boltzmann constant and T is the temperature of the system. We select weight functions of the following form: ω D (r ij ) = ω R (r ij ) 2 = (1 − r ij ) 2 for r ij < r c . 44 All three of these forces conserve momentum locally and therefore, hydrodynamic behavior emerges even in systems containing only a few hundred of particles. [43] [44] [45] The equation of motion is integrated via a modified velocity-Verlet algorithm. 46 In our simulation, we took r c and k B T as the characteristic length and energy scales, respectively. We chose the dimensionless value of r c = 1 and room temperature as the reference value, setting k B T 0 = 1, where T 0 = 298.15 K. The reduced temperature is therefore defined as T* = T/T 0 . The characteristic time scale is then defined as τ = (mr c 2 /k B T 0 ) 1/2 .
The remaining simulation parameters 2 are γ = 4.5 and Δt = 0.02τ, with a total bead number density of ρ = 3. The reactive components in the photo-growth process described herein are: TTCs, which serve as photo-initiators and reversible terminators, N-isopropylacrylamide (NIPAAm) monomers, and diacrylate, which constitutes a bifunctional cross-linker. In our simulations, all these components are modeled as DPD beads. The bifunctional cross-linker encompasses two reactive cross-linking units, but is modeled by one DPD bead with different "states", which indicate the effective reactivity of the cross-linker (i.e., the extent to which it has reacted). 36, 37 Given these components, we adapt our prior DPD approach for ATRP 36, 37 to model iniferter polymerization. First, we model the excitation of a TTC with light. 29 Illumination of a TTC leads to the formation of two radicals via the fragmentation of the TTC group. As is typical in iniferter polymerizations, 47 one reactive radical participates in initiation and then propagation; we refer to this fragment as the "active initiator". The other (less reactive) radical principally contributes to termination; we refer to this fragment as the "active TTC". Second, we introduce a scheme to simulate the termination of the propagating polymer chain in the absence of light to generate a polymeric TTC. 29, 32 The relevant steps in our DPD photo-CRP are shown schematically in Fig. 1a , indicating the initiation, propagation, cross-linking, and termination of growing chains. The asterisks in Fig. 1 represent the active radicals and the solid colors indicate the specific units in the scheme: inactive TTC (red), active TTC (orange), active initiator (cyan), monomers (green and blue), and the cross-linker ( purple). (It is equally likely that the orange bead is on the left and the cyan is on the right, i.e., that the TTC is photo-cleaved on either side; here, we just show one of these two possible configurations.) As noted above, the orange radical (active TTC) cannot propagate, but it can undergo a chain termination reaction with the cyan radical. This termination reaction regenerates the inactive TTC, which can be initiated again by photocleavage. The open circles represent unreacted species and filled circles indicate fully reacted species. Note that in the proposed reaction scheme, we neglect degenerative chain transfer, decomposition of active TTCs and coupling of active TTCs to dormant TTCs 48 that prevents irreversible termination of the active ends. (In our simulations, the samples are continuously irradiated until complete polymerization has occurred; therefore, only a few unreacted TTCs are available in the system to par-ticipate in the chain transfer reaction and hence, we can neglect this process.) The polymerization process in our approach (specifically the propagation and cross-linking steps) is similar to that previously modeled via coarse-grained MD and MC simulations. [49] [50] [51] [52] [53] [54] [55] Common to the latter methods, during each reaction step for each reactive bead, we pick at random another bead within the interaction radius r i of the given bead. A polymerization probability P r is introduced to determine if the reacting pair of beads will form a bond; each successful reaction results in irreversible bond formation. The energy of the bond is given by:
where K b = 128 is the elastic constant and r 0 = 0.5 is the equilibrium bond distance. We can modify the rate constants of the different events in the process (see Fig. 1a ) 36, 37 by choosing different probabilities for the following reactions: photo-initiation (bond breaking) probability, P b r ; monomer addition ( propagation) probability, P pm r ; cross-linking probabilities, P px r and P pp r ; and the termination (chain combination) probability, P c r . The value of P r should, however, be sufficiently small to ensure controlled polymerization growth in the kinetically controlled reaction regime. 55 For our reference case, we chose P (We take the probability of termination (2 × 10 −3 ) to be smaller than the initiation probability (1 × 10 −2 ) because we assume that the sample is illuminated throughout the polymerization process and hence, the critical reactions would be the initiation, propagation and cross-linking, with few termination reactions occurring while the light is turned on.) The reaction probability P pp r controlling the cross-linking process is chosen as P pp r = 3P pm r to account for the fact that the bifunctional cross-linker is modeled by a single bead. 36, 37 We set the interaction radius to be r i = 0.7 since smaller values of r i result in delayed gelation (with respect to the corresponding experimental data) and taking r i > 0.7 resulted in considerable deviations from linear firstorder kinetics. 36, 37 The reaction steps are separated by the reaction interval τ r , chosen as τ r = 0.2τ and thus, the reactions are performed every 10 time steps. 52 The dimensions of the simulation box are 25 × 25 × 25; periodic boundary conditions are imposed in the x-and y-directions. This domain is bounded by two solid walls formed from beads that have an amorphous structure; the height of the wall is h = 1, and the bead density is ρ ∼ 3 (a volume fraction of ϕ w = 0.08). Bounce-back boundary conditions are applied at the fluid-solid interfaces to prevent solvent and gel beads from penetrating into the walls. These bounce-back rules also yield no-slip boundary conditions, with minimal interfacial density oscillations. 56 At the outset of the DPD simulations, we construct the primary gel as a finite-size tetra-functional network with a diamond-like topology, 57 as shown in Fig. 1b . The polymer strands are modeled as a sequence of N = 30 DPD beads that are connected by harmonic spring-like bonds, with an interaction potential given by eqn (1) . The network has 144 crosslinks (volume fraction ϕ x = 3.23 × 10 −3 ) and a total of 252 strands (the chains between the cross-links). This network is composed of N gel = 144 + 252N beads ( polymer volume fraction ϕ p = 0.17) and is periodic in the lateral (x and y) directions. The TTCs are embedded within the centers of randomly selected polymer strands, i.e., not all the strands contain TTC beads and there is at most one TTC bead per strand. The network is attached to the bottom wall (Fig. 1b) via an adhesive interaction with the wall beads. In particular, polymer beads in the network that are in contact with the wall beads can form bonds with the wall beads. 58 This adhesive interaction is modeled as a truncated Hookean spring F adh = −K adh r ij , where K adh = 10 is the effective strength of the adhesion. These bonds break when their length exceeds r c . A second polymer layer is grown within and on top of the primary gel, using monomers and cross-linkers that are dispersed in the solution. The initiator for the reaction is an active radical obtained from the illumination of a TTC bead. We vary the TTC concentration by selecting a strand at random that does not contain this bead and converting a polymer bead to a TTC bead. By varying the TTC concentration and fixing the volume fraction of gel, ϕ = ϕ p + ϕ g = 0.34 (essentially near completion of grown gel), we investigate the effect of TTC concentration on the structure of a photo-CRP gel. Namely, in addition to case 1 mentioned above, we also consider case 2 where the ratio of initial concentrations is [Ini] Within our model, variations in light intensity can be simulated by altering the probability of bond breaking P b r . Here, we alter P b r to determine the effect of light intensity on the kinetics of the photo-CRP reaction, as well as the structure of the final gel.
The interaction parameter between the beads, a ij , is set to a ij = 25 (in units of k B T/r c ) for any two identical or chemically compatible beads. 44 The value of the interaction parameter between the incompatible beads is set to a ij = 60. The primary gel, monomer and cross-linker beads are immersed in the host solvent. Initially, the monomer and cross-linker are randomly distribution in this solution and the primary gel has the configuration shown in Fig. 1b . We equilibrate the system for 5 × 10 4 simulation time steps at the specified temperature before introducing the photo-CRP reactions (see Fig. 1c ).
III. Results and discussion
Using our newly developed DPD scheme, we first analyze the polymerization kinetics that characterize the photo-growth process by varying the probability of bond breaking P b r , which controls the rate of photo-initiation (see Fig. 1a ). We keep all other probabilities the same as those in the reference case (shown in Fig. 2 ). Such variations in P b r can in principle be achieved experimentally by varying the light intensity (assuming that irradiation occurs evenly throughout the gel sample). In particular, in the iniferter-based photo-CRP reaction modeled here, it is known that decreasing the light intensity decreases the molar mass dispersity likely due to a reduced concentration of propagating radicals. 29, 32 We plot the monomer conversion (Fig. 2a) 
A. Formation of composite gels with compatible monomer
Our aim is to examine the effect of varying the TTC concentration on the structure of a gel formed via the photo-CRP reaction when we start from a primary gel and compatible monomers and cross-linkers in solution. We set a ij = 25 for the following interaction parameters: monomers in the primary and secondary gel (blue and green beads, respectively), the monomers and solvent, and the monomers and cross-linkers. In this manner, we model the fact that the primary and secondary gels are chemically compatible and are equally compatible with the solvent. Under illumination, the TTC embedded within the primary gel fragments and creates two radicals. The reaction proceeds as described in Fig. 1a and ultimately results in the formation of a composite gel (marked in blue and green). (The different colors aid in visualizing the interface between the compatible layers.) Examples of such composite gels are shown in Fig. 3a-f . For each case, the monomer and cross-linker conversion have reached near completion (i.e., ∼100%) with reaction probabilities P b r = 0.01, P pm r = 0.01 and P c r = 0.01. Case 1 corresponds to the highest TTC concentration in our study (Fig. 3a) ; here, the ratios of the TTC, monomer, and cross-linker concentrations in the solution are set as [Ini] 0 /[X] 0 / [M] 0 = 1/5/75. The photo-initiated fragmentations create a large number of pores (this number is proportional to the number of TTCs) in the primary gel. The presence of these pores and the compatibility between the monomers comprising the primary (blue) and grown (green) gels facilitates the intermixing of these different species and enables the simultaneous growth of the secondary gel from multiple locations within the primary network. Fig. 3b shows the isosurface of the composite shown in Fig. 3a . The open space represents the grown gel and the interface between the primary and grown gels is shown in yellow. Fig. 3a and b clearly show that the gels in case 1 are well intermixed.
Case 2 encompasses the intermediate TTC concentration (Fig. 3c) Fig. 3e and f reveal a high degree of spatial segregation between the primary and grown gel. At this low TTC concentration, the number of initiating sites leads to only a small number of pores within the bulk of the primary gel. Hence, most of the free volume available for the second gel is located on the surface of the primary network.
The spatial density distributions for both the primary and secondary gels along the transverse (z) direction are plotted for each case in Fig. 3g and h. The plots indicate that at a fixed gel concentration, the degree of intermixing within the composite gel can be tailored by varying the TTC concentration. (Since the primary gel is attached to the bottom wall, the number density of this gel is highest near the wall, i.e., at z ≤ 3.) In cases 1 and 2 (black and red curves, respectively), the density profiles of both gels are relatively uniform throughout the simulation box due to the high concentration of TTCs and resultant number of initiation sites. In case 3 (shown in green), however, the density profile of the primary gel is strongly shifted towards the bottom wall, while the secondary gel is localized towards the top wall. The latter plot confirms that the chemically miscible gels have segregated into two distinct domains.
To further characterize the spatial distribution of the green and blue beads within the gel, we also calculate the radial distribution function (RDF), g(r). In particular, we measure the probability of a green bead being at a distance r ij = (|dx ij | 2 + |dy ij | 2 + |dz ij | 2 ) 1/2 from a given blue bead. Recall, however, that our system is periodic in the x-and y-directions; hence, we assume that the upper bound of dx ij and dy ij is less than or equal to half the width of the periodic box. 59 On the other hand, the upper limit of dz ij is the width of the box as the system is bounded by hard walls in the z-direction. Using these bounds in the calculation of the RDF, we effectively characterize the structure of the composite gel in the vertical direction.
In the cases involving relatively high TTC concentrations (black and red curves), the high peak of g(r) at small r indicates that the blue particles are closely clustered around the green beads, indicative of an intermixed system (Fig. 3i) . In case 3, which involves low TTC concentration, the peak height for g(r) is significantly reduced relative to the other cases and the peak position is shifted to a higher r. The latter features indicate that in case 3, fewer blue beads lie in proximity to the green beads and the average distance between a blue and green bead is greater than in cases 1 and 2. These features indicate that the green and blue domains are more segregated in case 3 than in the other instances.
Taken together, the data in Fig. 3 clearly show that the primary and grown gels become spatially separated as the TTC concentration is reduced. The fact that cases 1 and 2 display quite similar behavior indicates that the TTC concentration must be reduced below a certain critical level for this phenomenon to occur.
B. Formation of composite gels with incompatible monomer
We now examine a photo-growth system of immiscible monomers in a mutually compatible solvent and investigate the effect of varying the TTC concentration on the polymer network structure. Here, we set the interaction parameter between the different monomer beads to a ij = 60 and between the solvent and monomers to a ij = 25. The reaction probabilities are set to the values used in our reference case and the respective TTC concentrations are the same as in cases 1-3 above.
The morphologies of the composite gels and the corresponding isosurfaces for the different cases are shown in Fig. 4a-f . Remarkably, at the highest TTC concentration (case 1, Fig. 4a and b) , the composite gels formed from the incompatible monomers are relatively intermixed. As noted above, at this high concentration of TTCs there are a large number of initiation sites, and hence, a significant amount of additional free volume ( pores) in the system. The monomers can diffuse through the pores and then react with the photo-generated initiator. Since the initiator is a free radical, it attacks and attaches the free monomer; the energetic drive for binding the monomer to the chain overwhelms the enthalpic differences between the incompatible monomers. Hence, the blue monomer is added to the green chain. (Recall that living freeradical polymerization techniques are used to form diblock copolymers from incompatible monomers. 60, 61 )
The structure of the system at high TTC concentration is quite different from that at the lowest value of the TTC concentration considered here (case 3, Fig. 4c and d) . In the latter case, the relatively low photo-initiated bond breakage leads to a clear phase separation between the two immiscible gels. The effects of varying the TTC concentration are also apparent from the density profiles shown in Fig. 4g and h, which highlight the pronounced phase separation between the primary and grown gels at the lowest TTC concentration.
A comparison of the number density profiles for the scenarios involving the miscible and immiscible monomers pro- vides further insight into the structure of the gel in the latter case. In particular, the number density profiles of both primarily and secondary gels are less uniform (more separated) in the incompatible monomer case ( Fig. 4g and h ) compared to the respective scenarios for the compatible monomers ( Fig. 3g and  h) . As an example, in the case 3 the incompatible gels show significantly more pronounced separation than the compatible gels.
The radial distribution functions (RDF) plotted in Fig. 4i show that the peak of g(r) is reduced and shifted to the higher value of r as the TTC concentration is reduced. By comparing the RDF plots across the different cases, we find the same trend when the interaction parameter between the monomers is increased from a ij = 25 to a ij = 60. This behavior is consistent with the trends seen in the snapshots and the corresponding isosurfaces shown in Fig. 3a-f and 4a-f, respectively.
C. Effect of light intensity on the morphology of the composite gel
As shown in Fig. 2 , the light intensity (P b r ) has a significant impact on the time dependence of monomer conversion and ln([M] 0 /[M]). Based on these observations, we examine the effect of light intensity on the structural properties of the composite gels, focusing on the point where the green gel is near completion of the polymerization process, i.e., at ∼100% monomer conversion. Fig. 5a and e show the isosurfaces of the compatible composite gels (a ij = 25) at P b r = 1 × 10 −4 (i.e., one-hundredth of the photo-intensity of the reference case) for case 1 and case 3, respectively. The corresponding isosurfaces of composite gels for the reference case are shown in Fig. 3b and f. In Fig. 5b , c, f and g, we compare density profiles and in Fig. 5d and h, we compare the radial distribution functions for the above two cases. The effect of varying the light intensity on the composite gel structure is not apparent for P one-twentieth of the photo intensity of the reference case, the structures look similar (for the sake of clarity, the results for this value are not shown here). For P b r = 1 × 10 −4 , however, the density profiles and radial distribution function (green lines) exhibit clear signs of the formation of a segregated grown gel layer in case 1. The reason for this behavior could be that only a few TTCs are activated at this low light intensity, and complete polymerization takes place from these few sites. Therefore, as anticipated, the morphology of the composite gel in case 1 (high concentration of TTC) with very low photo-intensity is statistically similar to the morphology in case 3 (low concentration of TTC) with high photo-intensity. We note that in experimental systems where fast degenerative chain transfer can occur, it may not be possible to segregate initiation sites in this way; even initiation of a small number of sites could lead to growth throughout the gel if the TTC concentration is high and chain transfer is fast. In case 3, it is evident that the thickness of the segregated gel layer increased even further as we decrease the photo-intensity (Fig. 5e-h ). The error bars arise from averaging over five independent runs.
IV. Conclusions
We devised a dissipative particle dynamics (DPD) approach for modeling the formation of composite gels via a photo-growth process that uses photo-controlled radical polymerization ( photo-CRP) based on TTC iniferters embedded within a polymer network. 29 Since polymer growth occurs only in the presence of light, the system provides a distinctive means of turning the polymerization "on" and "off".
29,47
Using our new DPD model, we investigated the effect of varying the light intensity on the polymerization kinetics. We then focused on a primary gel immersed in a solution that contained monomer and cross-linker. We investigated the effect of varying the concentration of TTC within the primary network on the photo-CRP and the morphology of the new composite gel for both compatible and incompatible monomers. Here, we fixed the total gel concentration, i.e., the sum of the primary and grown gel concentrations. At low TTC concentration, gels formed from compatible monomers exhibited a distinct segregation into two layers. Conversely, at a high TTC concentration, incompatible monomers could form a spatially intermixed material. Hence, by tailoring the TTC concentrations, one can either mix immiscible monomers or separate miscible monomers within a single composite.
The TTC concentration controls the extent of bond fragmentation within the primary gel. At high TTC concentrations, there are a large number of initiation sites, and hence, the pores that are formed provide additional free volume within the primary gel. The presence of these pores results in the simultaneous growth of the second network from multiple locations within the first gel, and thus, leads to the intermixing between the two gels. While this intermixing is enhanced for the compatible species, it is also pronounced for the incompatible monomers. At a low TTC concentration, a much lower number of initiation sites are present, and consequently, a significantly smaller fraction of additional pores are created within the first gel. Therefore, in this scenario, the second gel grows primarily from the surface of the first. It is in this manner that the miscible monomers are segregated into distinct layers.
This ability to tune the morphology of a system formed from a given set of monomers by varying the TTC concentrations (in the primary network) provides a route to creating chemically distinct regions within gels by using incompatible components or forming layered structures from chemically identical units. Overall, our photo-growth approach provides a robust route for tuning the morphology, and hence, the potential functionality of photo-responsive gels.
